In this paper, we report results of a novel synthesis method of thin film conductive carbon coatings on LiNi
Introduction
The new generation of layered mixed transition metal oxides, LiMO 2 (M=Co, Ni, and Mn), with the α-NaFeO 2 structure currently considered for use as cathode materials in Li-ion batteries offers a high, reversible charge capacity and improved safety performance. These compounds, which include LiNi 1 , whereas the oxidation state of Co and Mn ions remains +2 and +4, respectively [5] .
Low electronic conductivity of cathode active materials can limit the power capability of lithium batteries. Conductive carbon additives are routinely used to enhance the utilization of the active material in composite cathodes and improve rate performance.
This problem is acutely pronounced for olivine-structured LiMPO 4 materials (M=Fe, Mn), which exhibit inherently low electronic conductivity (<10 -9 Scm -1 for LiFePO 4 ) [6, 7] . To overcome the insulating behavior of the phosphate, the particles are often coated with a thin, conductive layer of pyrolytic carbon from various organic precursors [8, 9, 10, 11, 12, 13] . The conductivity percolation threshold for C-coated nano-structured phosphate particles is usually observed at ~1.5 wt. % of carbon [12, 13] .
The oxide-based cathode materials exhibit much higher electronic conductivity (10 -1 -10 -5 Scm -1 ) [14, 15] . The composite oxide cathodes consist of a simple mechanical mixture of active material, conductive carbon additive, and binder. However, such a simple manufacturing procedure can produce quite a non-uniform distribution of carbon black in the composite electrode [16] that may lead to non-uniform utilization of the active material and loss of reversible charge capacity and rate capability [17] .
The effect of coating oxide-based cathode materials with conductive carbon layers has been investigated less often than that of carbon-coated olivines. Direct carbon-black coating of oxide cathode materials using a gelatin surfactant helped improve the carbon distribution, and consequently, increased the capacity of a Li-ion cell and minimized cell polarization [16, 18] . thermal stability and rate capability of the cathode [21] .
LNCMO materials are most commonly synthesized by a mixed hydroxide method and calcined in air or in pure oxygen at temperatures >800 o C. Under these conditions, carbon formed from any added organic precursors either during synthesis or in a posttreatment step is likely to oxidize to CO. Furthermore, carbothermal reduction to the elemental metals or reduced oxides may occur if the reaction is carried out under an inert atmosphere to prevent loss of carbon [19, 21] . At low temperatures, highly amorphous carbons of poor and highly non-uniform electronic conductivity are formed [22] . Thus it is not straightforward to co-synthesize LNCMO/C composites as is typically done with LiFePO 4 /C.
High-power microwave plasma chemical vapor deposition (MPVCD) techniques
have been widely used to prepare thin-films of diamond [23, 24] and carbon nano-tubes [25, 26] . The MPVCD synthesis of amorphous, sp 2 -coordinated carbon thin-films [27] , carbon fibers [28] , and nano-crystalline graphite (NCG) [29] has also been published.
Recent reports on MPVCD synthesis of carbon-Pt and carbon-Sn composite thin films [30, 31] for fuel cell and battery applications demonstrate the potential of this experimental approach. The objective of this work was to adapt and use MPCVD to produce highly conductive graphitic coatings on cathode active material powders and enhance their electrochemical performance in Li-ion batteries [32] . Figure 1 shows a diagram of the two-segment Pyrex glass tube and a schematic representation of the deposition process. Carbonaceous films can be produced on various types of conductive and non-conductive substrate materials from organic precursor without using stabilizers or reducing agents. A detailed description of the experimental setup can be found in [30, 31] . In this work, a small amount (~2 mg) of anthracene (Sigma-Aldrich) organic precursor was placed at one end of a glass slide and ~200 mg of carbon vibration modes, respectively [36] . The D-band is associated with the break in symmetry that occurs at the edges of the graphite sheets. A shoulder at 1620 cm −1 , known as the D'-band, is also attributed to discontinuity and disorder within graphene planes, but the exact nature of this peak is still under dispute [37] .
Experimental
The presence of strong graphite G and D modes along with the absence of a sharp diamond Raman peak at ~1330 cm −1 in the Raman spectra suggests that the carbon film consists of a sp 2 -coordinated carbon phase similar to nano-crystalline graphite with a high degree of disorder [38] . SEM images of the fresh and carbon-coated powders are shown in Fig. 4 . The cycles at C/5 rate shows only ~4% capacity fading, which presents a significant improvement compared to the electrochemical performance of the uncoated electrode, which displays ~10% capacity fade at the end of cycling.
The improved electrochemical behavior of the MPCVD C-coated LiNi 1/3 Co 1/3 Mn 1/3 O 2 material is due to better electrical contact between the particles in the composite cathode as well as the current collector. In the absence of any significant structural degradation, the capacity loss and cell impedance rise are usually associated with the loss of electronic conductivity within the composite cathode [35] . It is particularly important to provide a direct conductivity path to the primary particles in larger agglomerates of active material, which are often intrinsically in poor electronic contact with each other [40] . The slightly higher carbon content in the composite electrode manufactured from the carbon-coated LiNi 1/3 Co 1/3 Mn 1/3 O 2 /C could have also contributed to the improvement the electrochemical performance. However, it has been demonstrated that the uniformity of carbon additive distribution within the composite electrode is a critical parameter that determines the electrode kinetics [16] .
A simple co-synthesis or pyrolytic route to produce carbon coatings is not available in this case because the oxides are usually synthesized in air or under oxygen at temperatures >800 o C, which will oxidize any carbon source to CO 2 or CO. The MPCVD of thin graphitized carbon coatings on lithium metal oxides offers a unique and effective way of enhancing the rate and cycling performance of metal oxide cathode materials for Li-ion batteries. This manufacturing methodology provides an easy, fast, and inexpensive method for the direct formation of uniform and highly conductive carbon thin films on any type of electrode materials. Although the present batch process is impractical for large scale production, MPCVD can be easily envisioned in a continuous deposition configuration which allows nonstop feeding of electrode material into the reactor.
Conclusions
We demonstrated a novel direct deposition method of thin film conductive 
